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RNA polymeraseMmP1 (Morganella morganii phage 1) is a lytic bacteriophage newly isolated from the host bacterium
M. morganii. The entire genome was sequenced, and ﬁnal assembly yielded a 38,234 bp linear double-
stranded DNA (dsDNA) with a G+C content of 46.5%. In the MmP1 genome, 49 putative genes, 10 putative
promoters and 2 predicted σ-independent terminators were determined through bioinformatic analysis. A
striking feature of the MmP1 genome is its high degree of similarity to the T7 group of phages. All of the 49
predicted genes exist on the same DNA strand, and functions were assigned to 35 genes based on the
similarity of the homologues deposited in GenBank, which share 30–80% identity to their counterparts in T7-
like phages. The analyses of MmP1 using CoreGenes, phylogenetic tree of RNA polymerase and structural
proteins have demonstrated that bacteriophage MmP1 should be assigned as a new member of T7-like
phages but as a relatively distant member of this family. This is the ﬁrst report that a T7-like phage
adaptively parasitizes in M. morganii, and this will advance our understanding of biodiversity and adaptive
evolution of T7-like phages.GenBank Data Libraries under
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Bacteriophages (also referred to as phages), are speciﬁc bacteria
infecting viruses, and have received extensive attention because they
have been suggested as alternative anti-microbial agents for a variety
of pathogens [1,2]. Bacteriophages are useful materials in genetic
research because they are simple in structure and relatively easy to
genetically manipulate. They are not only highly diverse in their
species number, but often contribute to great bacterial diversity
through horizontal transfer of genetic material, speciﬁcally bacterial
virulence and drug-resistance genes [3]. Therefore, bacteriophages
play critical roles in the shaping of natural populations of bacteria [4].
The T7 group is an important family of bacteriophages. Originally,
the T7 group of phages was deﬁned as those isolated from B strains of
Escherichia coli. They are similar to the prototype bacteriophage T7 [5],
and all members share some common morphological, biological, and
genomic characteristics. With the rapid accumulation of sequenced
bacteriophage data, the T7 group of phages have been reported to be
found in many other bacteria besides Escherichia coli [9,12,16,17].
However, all members of the T7 group contain a conserved phage-
encodedRNApolymerase (RNAP) [6].Mostof theT7groupof phages aremembers of the subfamily Autographivirinae in the family Podoviridae.
According to the new classiﬁcation standards from the International
Committee on the Taxonomy of Viruses, the Autographivirinae possess
three genera: T7-like, SP6-like, and phiKMV-like viruses [7]. Up to now,
seventeen T7-like phages have been sequenced and their genome
sequences are deposited in GenBank [8–17].
Inour current study,we report a complete genomesequencingof T7-
like phage MmP1 (Morganella morganii phage 1) newly isolated from
the conditioned pathogen Morganella morganii, which is a gram-
negative rod commonly found in the environment and in the intestinal
tracts of humans, mammals, and reptiles as normal ﬂora.M. morganii is
recognized as a common pathogen that causes urinary tract and
hepatobiliary tract infections [18]. Although there are approximately
1031 different bacteriophages in the biosphere [19], only about 5500
bacteriophages have been examined using electron microscopy [20]. In
addition, only 579 bacteriophage genomes have been sequenced so far.
Clearly, the identiﬁcation of new bacteriophages and the completion of
genome dissection will advance our understanding of the biodiversity
and adaptive evolution of bacteriophages in different host bacteria.Materials and methods
Bacteriophage propagation, puriﬁcation and observation
Bacteriophage MmP1 was isolated from sewage using a wild type
M. morganii as the host bacterium based on standard lambda phage
Fig. 1. Electron micrograph of MmP1. Black scale bar represents 100 nm. The arrows
point at the short tails of the bacteriophages.
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through CsCl gradient ultracentrifugation [22] then placed on carbon
and pioloform-coated grids, negatively stained with 2% phospho-
tungstic acid and visualized under a transmission electronmicroscope
[23].
DNA sequencing and assembly
The bacteriophage DNA was isolated using SDS-proteinase K
protocol [22] and digested by selected restriction endonucleases. DNA
sequencing was performed according to the methods described
previously [24] at the Chinese National Human Genome Center in
Beijing. The automated sequencing was collected and assembled into
contigs using Phred/Phrap/Consed software package [25].
Analysis of the structural proteins
The structural proteins ofMmP1were separatedwith 12% SDS-PAGE
and transferred onto a PVDF membrane. The N-terminal amino acids of
the selected proteins were detected at the Service Center of Protein
Sequencing, Peking University. The putative ORFs encoding bacterio-
phage structural proteins were determined based on the N-terminal
amino acids sequence and relative molecular size using the SDS-PAGE
gel.
Genome annotation and whole genome comparisons
The DNA sequence was analyzed for tRNA genes using Aragorn
[26] and tRNAScan [27]. All putative genes were analyzed by the
GeneMark tool [28] and a homology search was conducted using
BLAST [29]. Multiple sequence alignment of RNA polymerase was
conducted using ClustalW [30]; the phylogenetic trees were con-
structed using TreeView [31]. Bacteriophage-speciﬁc promoters were
determined using Neural Network Promoter Prediction [32] and
PHIRE [33]. Transcriptional termination sites were determined using
FindTerm programs (http://www.softberry.ru/berry.phtml). The
annotated genome of MmP1 was viewed using Artemis [34].
The genomic comparisons of MmP1with T7 (NC_001604), phiA1122
(NC_004777), SP6 (NC_004831), and phiKMV (NC_005045) were per-
formed by Mauve [35] and CoreGenes [36].
Results and discussion
Morphology of bacteriophage virion
Bacteriophage MmP1 was isolated from sewage. The bacterio-
phage appears as transparent plaque after growth on an agar plate
using the host bacteria M. morganii, and the plaque appearance
indicates that it is a virulent bacteriophage. Fig. 1 shows the electron
micrographs of negatively stained MmP1 virions. The bacteriophage
particle has an icosahedral head 51–55 nm in diameter, and the size of
the particle matches its genome size (about 38 kb). At high electron
microscope magniﬁcation, the bacteriophage particle reveals a short
tail of length ∼10 nm. This morphological feature suggests that the
bacteriophage MmP1 belongs to the Podoviridae virus family [37].
General characterization of the bacteriophage genome
The complete DNA sequencing of the MmP1 genome was
conducted using a traditional shotgun sequencing strategy. A total
of 520 clones were sequenced, and parts of the sparse coverage were
addressed by directly sequencing the virion DNA with customized
primers. Final assembly yielded a contig containing 38,234 bp with an
average of 46.54% G+C content. The MmP1 genome size was close to
phages T7 (39,937 bp), T3 (38,208 bp) and phiA1122 (37,555 bp).The whole genome sequence can be digested by the restriction
enzyme Xba I, indicating that MmP1 is a dsDNA virus. There are only 2
Xba I sites on the whole genome sequence. The MmP1 genome would
be linear if three visible bands appear in agarose gel electrophoresis
after the digestion of the MmP1 genome by Xba I, and it would be
circular if two visible bands appear. Fig. 2 shows there are three visible
bands after Xba I digestion. Therefore, the MmP1 genome is a linear
dsDNA. However, a pair of primers derived from two end sequence of
the MmP1 genome gave out deﬁnitive PCR-ampliﬁcation product. It
suggests that the MmP1 genome has cohesive ends. So we can
imagine by cohesive end sequences the linear genome can form a
circular structure and easily replicate through rolling circle during its
replication.
The BLASTn search showed that the whole genome sequence of
MmP1 is similar to phages phiA1122 and T7. 49 ORFs were identiﬁed
as coding sequences by the GeneMark tool; the average gene length is
about 701 bp. 47 coding sequences initiate with the start codon AUG
while the other 2 initiate with the start codon GUG. The genome map
is shown in Fig. 3. All 49 potential genes are located on the same DNA
strand and cover ∼90% of the whole genome, demonstrating that the
MmP1 bacteriophage uses its genetic DNA with high efﬁciency.
Presumably, evolution results in the maximum packaging of useful
DNA within a limited virion size. The longest noncoding sequence is
located at the C-terminal sequence (919 bp). Analyses with Aragorn
and tRNAScan softwares disclosed that there is no tRNA gene in
MmP1, consistent with previous ﬁndings in other T7-like phages.
Identiﬁcation of bacteriophage genes
By comparison of MmP1 genes to other T7-like phages' genes, 35
putative genes (71.4%) in MmP1 show 30–80% homology to those in
T7, phiA1122, or phiSG-JL2 at the protein level. Furthermore, the
overall genomic organization of MmP1 is similar to that of T7 and
phiA1122 (see Appendix A). Detailed annotation information of the
49 predicated genes is listed in Appendix B.
All MmP1 genes can be assigned into three groups: early genes,
g1–g12; middle genes, g13–g32 and g47; and late genes, g33–g46, g48–
g49. The early genes of MmP1 are transcribed by the host-bacterial
RNA polymerase and exercise many important functions such as
overcoming host-bacterial restrictions and converting themetabolism
of the host cell so that it produces bacteriophage proteins [9]. There is
a high degree of similarity between the gene g1 ofMmP1 and the gene
0.3 of T7, which are likely to be involved in anti-restriction [38].
Similar to gene 1 of T7, g9 of MmP1 codes for RNA polymerase, which
is responsible for transcription of most other bacteriophage genes.
Fig. 2. Digestion of the MmP1 genome with the restriction enzyme Xba I. Lane 1: DNA
Ladder; Lane 2: MmP1 DNA/Xba I; Lane 3: MmP1 DNA.
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translocation of bacteriophage DNA into the cell [39] as well as DNA
replication, maturation, and packaging [40]. The gene g12 of MmP1 is
homologous to the gene 1.3 of T7; g12 is predicted to be a DNA ligase
gene, present at the end of the early genes. In the 12 early genes in
MmP1, only 3 genes are similar to T7 genes while other genes have no
homologues; the products of these genes are involved in recognition
and penetration into host bacteria and endow speciﬁcity to the host
M. morganii. Thus, the striking difference between MmP1 and T7
genes lies in the early gene region.
Based on the similarity of DNA sequences between MmP1 and
other T7-like phages, 7 putative genes in the middle genes of MmP1
encode for proteins involved in DNA replication. For example, g18,
similar to gene 2 in T7, codes for a host RNA polymerase inhibitor; g19,
similar to gene 2.5 in T7, codes for a single-stranded DNA binding
protein; g20, similar to T7 gene 3 in T7, codes for endonuclease; g21,
similar to gene 3.5 in T7, codes for lysozyme; g23, similar to gene 4A in
T7, codes for primase/helicase; g26, similar to gene 5 in T7, codes for
DNA polymerase (DNAP); and g31, similar to gene 6 in T7, codes for
exonuclease. Furthermore, this region also has several smaller
putative T7-like genes, including g15–17, 24–25, 28–29, 32–33, their
functions are unknown. No signiﬁcant homologues of g13–14, 22, 27
and 30 were found in the bioinformatic databases.
The late genes of the T7-like phages usually code for virion
structural proteins as well as many of the proteins involved in
maturation and cell lysis [41]. The organization of genes coding forstructural proteins in the MmP1 genome is nearly identical to that of
T7. The ﬁrst gene, g34, similar to T7 gene 8, codes for the head-tail
connector and is followed by the capsid assembly protein gene g35
(similar to T7 gene 9), 2 capsid protein genes g36 (similar to T7 gene
10A) and g37 (similar to T7 gene 10B), 2 tail tube genes g38 (similar to
T7 gene 11) and g39 (similar to gene 12 in T7), 4 internal virion
protein genes g40–43 (functions similar to genes 13–16 in T7 ), and
the tail ﬁber protein gene g44 (similar to T7 gene 17). After this, the
gene g45 (similar to gene 17.5 in T7) codes for lysis proteinwhile gene
g46 (similar to gene 18 in T7) codes for DNAmaturase A. The gene g48
(similar to gene 18.5 in T7) codes for endopeptidase, and the gene g49
(similar to gene 19 in T7) codes for DNA maturase B.
Although the gene g47 of MmP1 is located in the late gene region,
functionally, it belongs in the middle gene group. This also occurs in
other T7-like phages, such as in bacteriophages Berlin and Yepe2. g47
is not a coregene in T7-like phages and only exists in certain members
of the T7 group.
CoreGenes and phylogenetic tree of RNA polymerase
CoreGenes is a global JAVA-based interactive data mining tool that
simultaneously identiﬁes and catalogs a “core” set of genes from two
to ﬁve small whole genomes. It performs hierarchical and iterative
BLASTP analysis using one genome as a reference and another as a
query [36]. CoreGenes analyses indicated that the MmP1 genome
shares 33 (55.0%) homology with bacteriophage T7, 13 (25.0%) with
SP6, and 7 (14.3%) with phiKMV. These results strongly suggest that
MmP1 is related to phage T7 and is a newmember of the T7-like virus
genus.
The phage RNA polymerase (RNAP) is a highly conserved single-
chain protein which autonomously carries out all of the primary steps
in transcription and is also considered a hallmark of the T7 group of
phages [8]. In the MmP1 genome, g9 codes for RNA polymerase. We
performed a multiple sequence alignment of RNA polymerase in 20
autographivirinae bacteriophages of the Autographivirinae subfamily
using the neighbor-joining method in ClustalW and visualized using
TreeView (see Appendix C). Analysis of RNAP coding genes provided
more strong evidence in support of the assignment of MmP1 to T7-
like phages. However, the phylogenetic tree shows that MmP1 is a
distant member of this family.
Promoters and transcriptional termination sites
The predicted promoters that should be recognized by the
bacteriophage-encoded RNAP of some T7-like phages are listed in
Table 1. Using Neural Network Promoter analysis, one potential host
σ70-dependent promoter was identiﬁed in the early region of the
MmP1 genome. According to homology to T7 promoters and their
intergenic position, we identiﬁed nine potential promoters in the
MmP1 genome using PHIRE. The sites of all promoters are illustrated
in Fig. 3.
Based on homology to T7 terminators and their intergenic
position, two σ-independent transcriptional termination sites were
identiﬁed in theMmP1 genome using ﬁndterm tools. T early and T late
are located at equivalent positions to their respective counterparts in
T7 phage. T early of MmP1 is located after the gene g12, coding for
DNA ligase (similar to gene 1.3 in T7), which is located at the end of
the early genes. T late of MmP1 is located between g37, coding for the
minor capsid protein, and g38, coding for tail tubular protein A. The
sites of two terminators are illustrated in Fig. 3.
Structural protein analysis
Capsid-associated proteins (corresponding to g34–g44 of MmP1)
are essential for T7-like phages. SDS-PAGE was used to analyze the
structural proteins of bacteriophage MmP1. There were at least 7
Fig. 3. Genome map of MmP1, constructed using Artemis. In this map, all genes are present in the same strand since no negative reading frame is present. Promoters (red) and terminators (green) are also indicated on the map (p: promoter,
T: terminator).
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Table 1
Predicted promoter sequences of the MmP1 genome.
Promoter
name
Position Related to
gene
Putative promoter sequence
Start End
In MmP1
p1 323 368 M. morganii
RNAP
TAAGTATTGACAACTTGAAGTAAC-
AACGATAAGATACGCTCACAGT
p2 5473 5495 g10 CATATTTGTGGCATTATTAGGGA
p3 7360 7382 g14 CATATTTGTGGCACTATAGGGGA
p4 8771 8793 g19 TACATTTGTGGCAATATAGAGGA
p5 10503 10525 g22 CATATTTGTGGCACTATAGGGAA
p6 17148 17170 g32 TACATTTGTGGCATTATAGGGGA
p7 19639 19661 g35 TATATTTGTGGCATTATAGGGAG
p8 20691 20713 g36 TATATTTGTGGCATTATAGGGAG
p9 25160 25182 g40 ACTTTTTGTGGCATTATAGGGAG
p10 32359 32381 g44 ACATTTTGTGGCATTATAGGGAG
In other phages
T7 TAATACGACTCACTATAGGGAGAa
T3 AATTAACCCTCACTAAAGGGAGAa
phiA1122 TAATACGACTCACTATAGGAGAAb
phiYeO3–12 AATTAACCCTCACTAAAGGGAGAc
a Consensus sequences from Imburgio et al., 2000 [42].
b Consensus sequences using PHIRE [33].
c Consensus sequence from Pajunen et al., 2001 [9].
Table 2
Theoretical molecular weights of ORFs and their determined weights in SDS-PAGE.
Bands Determined
MW (kDa)
Theoretical
MW (kDa)
Probable
MmP1 gene
BLASTp similarity (similar to T7)
1 145 144.17 g43 Internal virion protein D (gene 16)
2 92 90.87 g39 Tail tubular protein B (gene 12)
3 82 83.11 g42 Internal virion protein C (gene 15)
4 66 63.45 g44 Tail ﬁber protein (gene 17)
5 60 59.29 g34 Head-to-tail joiningprotein (gene8)
6 42 40.79 g37 Minor capsid protein (gene 10B)
7 37 36.36 g36 Major capsid protein (gene 10A)
171J. Zhu et al. / Genomics 96 (2010) 167–172distinct bands that clearly appeared in the gradient gel using
Coomassie blue staining (Fig. 4), and the molecular weight ranged
from approximately 37 to 145 kDa. The predominant band thatFig. 4. SDS-PAGE of MmP1 structural proteins. Lane 1: MmP1 structural proteins, Lane
2: Protein marker.appeared at approximately size 37 kDa is most likely the major capsid
protein. N-terminal sequences of the 37 kDa protein were deter-
mined, and the N-terminal 6 amino acids residues were MADMKG.
Based on molecular weight and the N-terminal sequence, the 37 kDa
predominant band was assigned to the g36 product. BLAST analysis
showed that this protein has a high degree of similarity to the major
capsid protein 10A of T7 and phiA1122.
Protein amounts of the other 6 bands were not high enough to
determine N-terminal sequences. In Appendix B, we can see there are
only 6 structural proteins whose molecular weights are larger than
37 kDa (Table 2). Based on theoretical molecular weights as well as a
BLASTP search, we can predict that the largest band (band 1) was the
product of g43, coding for internal virion protein D (similar to gene 16
in T7). The other bands, in decreasing order of molecular weight, are
the tail tubular protein B (gp39, similar to the product of T7 gene 12),
the internal virion protein C (gp42, similar to the product of T7 gene
15), the tail ﬁber protein (gp44, similar to the product of T7 gene 17),
the head-to-tail joining protein (gp34, similar to the product of T7
gene 8), and the minor capsid protein (gp37, similar to the product of
T7 gene 10B).The host range of T7-like phages
All eighteen sequenced T7-like phages and their host bacteria are
listed in Table 3. They are distributed in a relatively broad range of
host bacteria, including the genera Escherichia, Klebsiella, Salmonella,
Kluyvera, Yersinia, Vibrio, Pseudomonas andMorganella. They all belong
to the gamma-proteobacteria. Among of them, Vibrionales and
Pseudomonadales are out of Enterobacteriaceae. It seems that Enter-
obacteriaceae is a preferred host for T7-like phages.Table 3
The host bacteria of 18 sequenced T7-like phages.
Phage Host bacterium References
Species Genus Family
MmP1 Morganella
morganii
Morganella Enterobacteriaceae present
work
T7, T3, K1F,
BA14,
EcoDS1, 13a
Escherichia
coli
Escherichia Enterobacteriaceae [8,10,13,15]
phiSG-JL2 Salmonella
enterica
subsp
Salmonella Enterobacteriaceae [14]
K11, KP32 Klebsiella sp Klebsiella Enterobacteriaceae [16]
Kvp1 Kluyvera
cryocrescens
Kluyvera Enterobacteriaceae [17]
phiYeO3–12 Yersinia
enterocolitica
Yersinia Enterobacteriaceae [9]
phiA1122,
Berlin, Yepe2
Yersinia
pestis
Yersinia Enterobacteriaceae [12]
VP4, N4 Vibrio Vibrio Vibrionaceae [6]
gh-1 Pseudomonas
putida
Pseudomonas Pseudomonadaceae [11]
172 J. Zhu et al. / Genomics 96 (2010) 167–172Conclusions
Based on the characteristics of bacteriophage morphology, gene
organization, and sequence similarity, the newly isolated bacteriophage
MmP1 should bedesignated as a newmember of T7-like phages but as a
relatively distant member in terms of genetic relationship. This is the
ﬁrst report that a T7-like phage adaptively parasitizes inM. morganii.
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